The effects of sucrose on the survival and oviposition of predacious insects Stethorus japonicus, Oligota kashmirica benefica, and Scolothrips takahashii, under no-prey conditions, were investigated. In all three predacious insect species, adult females fed on sucrose under no-prey conditions survived significantly longer than those on only water. In addition, in S. japonicus and O. kashmirica benefica, females fed sucrose under no-prey conditions recommenced oviposition significantly earlier and required fewer spider mite (Tetranychus urticae) eggs to recommence after refeeding on T. urticae eggs than those on only water. On the other hand, in S. takahashii, even females supplied only with water under no-prey conditions recommenced oviposition immediately after re-feeding on T. urticae eggs. Thus, sucrose had no significant effects on the recommencement of oviposition. These results suggested that sucrose was effective to maintain the populations of these predacious insect species even under no-prey conditions.
INTRODUCTION
The conservation of native natural enemies is a keystone of biological control programs, in particular in perennial agroecosystems such as fruit orchards (Barbosa, 1998) . The provision of alternative and/or supplementary foods for natural enemies is considered to be ideal to enhance their survival and reproduction when the densities of target pests are low (Landis et al., 2000; Wade et al., 2008) . Sugars in floral and extrafloral nectars and honeydew are primary supplementary foods that are frequently utilized by various predacious insects to support their survival and reproduction (Wäckers et al., 2008; Lundgren, 2009) . In recent years, the role of sugars in the success of conservation biological control has been recognized (Wäckers et al., 2008; Wade et al., 2008; Lundgren, 2009 ).
Three predacious insects native to Japan, Stethorus japonicus H. Kamiya (Coleoptera: Coccinellidae), Oligota kashmirica benefica Naomi (Coleoptera: Staphylinidae), and Scolothrips takahashii Priesner (Thysanoptera: Thripidae), are prospective natural enemies of spider mites because of their voracity and reproductive capacity (Shimoda et al., 1993; Kishimoto, 2003; Gotoh et al., 2004a, b; Mori et al., 2005; Kishimoto and Adachi, 2008) . As these species are specialized predators of spider mites, their occurrences on plants usually synchronize with those of spider mites (Takahashi et al., 2001; Kishimoto, 2002; Gotoh et al., 2007) . In addition, predacious insects migrate between orchard trees and neighboring plants, such as groundcover, weeds, and windbreaks, to exploit abundant spider mites ; however, the spatial distribution of spider mites is patchy, and local populaEffects of sucrose on survival and oviposition of the predacious insects Stethorus japonicus (Coleoptera: Coccinellidae), Oligota kashmirica benefica (Coleoptera: Staphylinidae), and Scolothrips takahashii (Thysanoptera: Thripidae) tions of spider mites are likely to be transient (Sabelis, 1991; Sabelis and Janssen, 1994) . Thus, these predacious insect species may often experience prey scarcity. Although it is conjectured that predacious insects utilize sugars as supplementary foods under no-prey conditions, the effects of sugars on these species remain unclear.
In this study, we evaluated the effects of sucrose, which is a primary component of sugars, on survival and oviposition under no-prey conditions in the three predacious insect species mentioned above, as basic information for conservation biological control programs of spider mites.
MATERIALS AND METHODS
Predacious insects and prey spider mites. The predacious insect species used in this study (S. japonicus, O. kashmirica benefica, and S. takahashii) were collected from a Japanese pear orchard at the National Institute of Fruit Tree Science, Tsukuba, Japan (36°3ЈN, 140°6ЈE), in September 2000. They were reared on lima bean (Phaseolus lunatus L.) leaf discs populated by sufficient prey (Tetranychus urticae Koch (Acari: Tetranychidae)) in screened containers (30ϫ20ϫ 6 cm) at 20°C and a 16L8D photoperiod (see Kishimoto, 2003) . T. urticae were collected from pear orchards at the National Institute of Fruit Tree Science in August 1997, successively reared on lima bean leaf discs at 23°C and 16L8D, and provided as prey.
Effect of sucrose on survival of adult females of three predacious insect species under no-prey conditions. To measure survival time under noprey conditions, one adult female of each predacious insect species (about 3-5 days after the start of oviposition) was transferred individually to a glass tube (6 cm longϫ1 cm diam.) containing 1) sucrose and water or 2) only water. We set a pad of cotton wool (1 cm longϫ1 cm diam.) saturated with 0.5 ml distilled water in the base of the glass tube. Six 1-ml droplets of sucrose-saturated solution (ca. 67%, w/w) were placed on the inner wall of the tube, which was sealed with Parafilm (Parafilm M; American National Can Co.), pierced five times with a fine needle for ventilation.
In addition, to measure survival time under sufficient prey conditions, one adult female of each predacious insect species was transferred individually to a lima bean leaf disc (5 cmϫ5 cm) with abundant T. urticae (all developmental stages were included). Each leaf disc was placed in a sealed container (8 cm diam. and 2 cm depth) to prevent individuals from flying away.
Survival was checked every 24 h at 20°C and 25°C, and 16L8D. The glass tubes and leaf discs were replaced every 7 days and 3-5 days, respectively. The mean survival time was analyzed using Scheffé's test following one-way ANOVA. ANOVA and Scheffé's test were conducted using StatView-J version 5.0 (SAS Institute Inc., 1998).
Effect of sucrose under no-prey conditions on the recommencement of oviposition of three predacious insect species after re-feeding on prey. One adult female of each predacious insect species (about 3-5 days after the start of oviposition) was transferred individually to a glass tube containing 1) sucrose and water or 2) only water, as described above. We kept these glass tubes at 20°C and 16L8D for 5 days. These adult females were then transferred to a lima bean leaf disc (5 cmϫ 5 cm) with sufficient T. urticae eggs. We checked the recommencement of oviposition and the number of T. urticae eggs consumed every 12 h in S. japonicus and O. kashmirica benefica, and 8 h in S. takahashii at 20°C and 16L8D. The leaf discs were replaced every day. The mean number of days for the recommencement of oviposition and the mean numbers of T. urticae eggs consumed were analyzed using the Mann-Whitney U-test, which was conducted using StatView-J version 5.0 (SAS Institute Inc., 1998).
RESULTS

Effect of sucrose on survival of adult females of three predacious insect species under no-prey conditions
In all three predacious insect species, the survival time of females fed sucrose under no-prey conditions was significantly greater than that of those on only water (Table 1 ). In S. japonicus, females fed sucrose survived more than 10 times longer than those on only water at both 20°C and 25°C. In O. kashmirica benefica, females fed sucrose survived about four times longer than those on only water; however, in these two species, the survival time of females fed sucrose was significantly shorter than those under sufficient prey con-ditions. In S. takahashii, females fed sucrose survived about four times longer than those on only water. In addition, unlike female S. japonicus and O. kashmirica benefica, there were no significant differences in survival time between females fed sucrose and T. urticae.
Effect of sucrose under no-prey conditions on the recommencement of oviposition of three predacious insect species after re-feeding on prey
In S. japonicus, females fed sucrose under noprey conditions appeared to recommence oviposition after re-feeding with T. urticae eggs earlier than those on only water (Table 2 ). Fifty percent of females fed sucrose recommenced oviposition within 1 day after re-feeding on T. urticae, whereas it took 2 days for 50% of females on only water to recommence oviposition. In addition, females fed sucrose required significantly fewer T. urticae eggs to recommence oviposition than those on only water (Table 2 ). In O. kashmirica benefica, females fed sucrose under no-prey conditions recommenced oviposition slightly but significantly earlier and required fewer T. urticae eggs to recommence oviposition than those on only water ( only water under no-prey conditions recommenced oviposition immediately after re-feeding with T. urticae eggs. Thus, there were no significant differences in the number of days for the recommencement of oviposition and the number of T. urticae eggs consumed between the two food conditions (Table 2) .
DISCUSSION
In various predacious insect species, sugars can increase survival in the absence of prey (Jervis and Copland, 1996; Lundgren, 2009 ). This study also demonstrated that sucrose greatly prolonged adult survival under no-prey conditions in three predacious insect species of spider mites. In particular, in S. japonicus, the mean survival times of adult females fed sucrose were 4 months at 20°C and 2 months at 25°C. On the other hand, this study also showed that the effects of sucrose on survival, compared with those of the prey, T. urticae eggs, were different among species. In S. takahashii, mean survival time was not significantly different between females fed sucrose and those fed the prey, while S. japonicus and O. kashmirica benefica females fed sucrose survived for a shorter period than those fed T. urticae eggs. These results suggest that the effect of sucrose on the survival of S. takahashii may be greater than on S. japonicus and O. kashmirica benefica; however, it is not clear that females fed sucrose died due to their physiological longevity even in S. takahashii. Ogawa and Osakabe (2008) suggested that adult female Neoseiulus californicus (McGregor) (Acari: Phytoseiidae) reared on artificial diets laid few eggs, but could survive longer than ovipositing females reared on T. urticae. In this study, females fed sucrose did not oviposit in all three species. Thus, detailed studies on the relationships among food quality, oviposition, and longevity are needed.
In S. japonicus and O. kashmirica benefica, females fed sucrose recommenced oviposition after re-feeding with T. urticae eggs earlier than those on only water. These results suggest that sucrose induces some positive effects on the ovaries of these species. One of the most plausible explana-624 H. KISHIMOTO and I. ADACHI tions is that resorption of oocytes (oosorption) may occur under prey scarcity conditions in these two predator species, but that sucrose may reduce this oosorption, although more detailed studies on the changes of ovaries over time are needed. In various insect species, oosorption during food scarcity is a widespread phenomenon as an effective mechanism to utilize eggs in the ovary or ovariole as a nutritional source (Bell and Bohm, 1975) . In the aphidophagous ladybirdbeetle, Harmonia axyridis Pallas (Coleoptera: Coccinellidae), rapid oosorption during food scarcity and the immediate start of ovarian development under favorable feeding conditions are observed as an adaptive survival and ovipositional strategy in response to heterogeneous and fluctuating prey conditions (Osawa, 2005) . S. japonicus and O. kashmirica benefica, which are extremely voracious predators of spider mites, may experience the same situation because their prey populations have a patchy distribution and fluctuate markedly (Sabelis, 1991; Sabelis and Janssen, 1994) . In addition, the earlier recommencement of oviposition and fewer prey requirements to recommence oviposition by feeding on sucrose can contribute to more effective utilization of unstable resources. On the other hand, female S. takahashii on only water under no-prey conditions resumed oviposition immediately after re-feeding with T. urticae eggs, and there were no effects of sucrose on the recommencement of oviposition. Oosorption has not been found in Thysanoptera (Chapman, 1998) , although the effects of starvation on the ovaries of this family have received little attention. This study also suggests that prey scarcity has little or no effect on the ovary of S. takahashii, such as oosorption. This study suggests that these predacious insect species can maintain their populations in the field by feeding on sucrose, even when prey is scarce. Thus, it may also be possible to conserve these populations by providing sugar resources in and around croplands or orchards (Landis et al., 2000) . However, it remains unclear what types of sugar, such as floral and extrafloral nectars and honeydew, these predacious insect species frequently exploit under field conditions because studies on their occurrence have only focused on the synchronization of those of spider mites (Takahashi et al., 2001; Kishimoto, 2002; Gotoh et al., 2007) . Thus, studies on the habitats of these predacious insect species, in particular non-crop species, during prey scarcity will be needed for successful conservation in the field. In addition, sugar supplementation on crops or fruit trees, such as spraying, is also considered to be a promising method to conserve predacious insects (Wade et al., 2008) . Thus, further studies are needed to clarify whether sugar supplementation can discourage the emigration of these predacious insect species from crops or fruit trees when prey is scarce.
